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Abstract. 
Within the Unified ternary fission model (UTFM), the alpha accompanied ternary fission 
of even-even 244-260Cf isotopes has been studied by taking the interacting barrier as the sum of 
Coulomb and proximity potential. For the alpha accompanied ternary fission of 244Cf isotope, the 
highest yield is obtained for the fragment combination 108Ru+4He+132Te, which contain near 
doubly magic nuclei 132Te (N=80, Z=52). In the case of 246Cf and 248Cf isotopes, the highest 
yield is obtained for the fragment combinations with near doubly magic nuclei 134Te (N=82, 
Z=52) as the heavier fragment. The highest yield obtained for 250Cf, 252Cf, 254Cf, 256Cf, 258Cf and 
260Cf isotopes is for the fragment combination with doubly magic nuclei 132Sn (N=82, Z=50) as 
the heavier fragment. We have included the effect of deformation and orientation of fragments 
and this has revealed that in addition to closed shell effect, ground state deformation also plays 
an important role in the calculation of relative yield of favorable fragment combinations. The 
computed isotopic yields for alpha accompanied ternary fission of 252Cf isotope are found to be 
in agreement with the experimental data. The emission probability and kinetic energy of long 
range alpha particle is calculated for the various isotopes of Cf and are found to be in good 
agreement with the experimental data. 
1. Introduction 
The light charged particle accompanied fission also termed as ternary fission is a fission 
process in which three fragments are formed and it has been an interesting area for discussion 
under both experimental and theoretical efforts for the last few decades [1-8]. The cold alpha 
accompanied ternary fragmentation of 248Cm isotope was studied by Sandulescu et al. [9] using 
double folding potential generated by Coulomb plus M3Y nucleon-nucleon forces. The energy 
released from the cold ternary fission of heavy and superheavy nuclei with Z=90-116 was 
calculated by Poenaru et al. [10], in which the Q values were calculated for the cold ternary 
fragmentation of nearly equal sized fragments and also for the different light charged particle 
accompanied fission processes. Carstoiu et al. [11] evaluated the lifetime of trinuclear molecules 
with two deformed fragments and an alpha particle, and the lifetimes of such trinuclear 
molecules were found to be of the order of one second. The dynamics for the distribution of 
ternary cluster preformation probability for the alpha and 10Be accompanied ternary fission of 
252Cf isotope along the fission trajectory were studied by Florescu et al. [12]. 
Experimentally, the energy spectra of long range alpha particles emitted from the 
spontaneous ternary fission of 250Cf, 256Fm and 257Fm isotopes were measured by Wild et al. [13] 
and they also determined the emission probabilities for the triton, proton and alpha particle. 
Ralph [14] measured the probability for the emission of long range alpha particles from the 
spontaneous fission of 252Cf, 242,244Cm and 240,242Pu isotopes and came to the conclusion that the 
emission probability of long range alpha particles increased with increasing Z2/A values. The 
alpha accompanied ternary fission of 252Cf isotope was observed by Ramayya et al. [15,16] using 
triple gamma coincidence technique with Gammasphere with 72 gamma-ray detectors and the 
highest yield was obtained for the Zr-Ba fragment combination. The yields of both ternary and 
binary spontaneous fission of 252Cf isotope were found out and the results were compared with 
the theoretical calculations using M3Y nucleon-nucleon potential and WKB approximation for 
barrier penetration. In addition to alpha particle, 10Be and 14C accompanied spontaneous ternary 
fission was also studied by Hamilton et al. [17-19] using the Gammasphere technique for 252Cf 
isotope. Based on the theoretical model of Carjan [20], the characteristics of long range alpha 
particles were studied in the spontaneous ternary fission of 244Cm, 246Cm, 248Cm, 250Cf, 252Cf and 
even-even 238-244Pu isotopes [21-23]. The emission probability and kinetic energy distribution of 
long range alpha particles were studied in detail for the corresponding isotopes of Cm, Pu and 
Cf, with the suitable ∆E-E telescope detectors at IRMM. 
A new type of decay mode called collinear cluster tripartition (CCT) was introduced by 
Pyatkov et al. [24] for the spontaneous ternary fission of 252Cf isotope and the studies [25,26] 
based on the collinear cluster tripartition of 236U and 252Cf isotopes revealed that the isotopes of 
Si and Ca respectively connect the isotopes of Sn to the edge fragment 68Ni. Recently, 
Vijayaraghavan et al. [27,28] calculated the ternary potential energy surfaces for the fragment 
combinations by changing the angle between the end fragments with respect to the middle 
fragment and hence analyzed the role of arrangements of fragments in the ternary fission process 
of 252Cf isotope. Based on the three cluster model (TCM) proposed by Manimaran et al. [29-31], 
the authors had also studied the possibilities of the ternary fragmentation into three nearly equal 
sized fragments in the case of 252Cf isotope and came to the conclusion that the true ternary 
fission was energetically possible only for the fragment combinations with minimum 
fragmentation potential and high Q value. For the first time, the effects of deformation and 
orientation of fragments were included by Manimaran et al. [32] in the three-cluster model for 
the study of 4He and 10Be accompanied ternary fission of 252Cf isotope. 
Using our recently proposed Unified ternary fission model (UTFM), we have done a 
number of theoretical calculations and predictions on the ternary fission of various isotopes of 
Cm, Cf and Pu. We have calculated the relative yield for 242Cm isotope with 4He, 10Be and 14C as 
light charged particle and the long range alpha emission probability for the various ternary 
fragmentations of 242Cm using UTFM [33]. With 34Si as light charged particle, the ternary fission 
of 242Cm [34] has been studied in equatorial and collinear configurations. Moreover, in the case 
of 252Cf isotope [35], the relative yield has been calculated for the alpha accompanied ternary 
fission and the obtained results have been compared with the experimental data. A comparative 
study has also been done for the relative yield between the alpha accompanied ternary fission 
and binary fission of even-even 244-252Cm isotopes [36]. The kinetic energy of alpha particle, 
probability for the emission of long range alpha particle and the effect of deformation and 
orientation of fragments have also been studied in detail for even-even 244-252Cm [36] and         
238-244Pu [37] isotopes. From our earlier works on ternary fission with alpha particle as the middle 
fragment, we arrived at the experimentally proved fact that the equatorial emission of fragments 
is the most favorable configuration than the collinear emission of fragments. Also, it is 
established that, the fragment combinations which possess highest yields are found to be the 
same in both equatorial and collinear configurations when the magnitude of relative yield is not 
considered. This is because the initial phase for both equatorial and collinear configurations is 
found to be the same as the size of alpha particle is small compared to the main fission 
fragments. Hence in the present work, we have calculated the driving potential and relative yield 
for the ternary fission of even-even 244-260Cf isotopes with 4He as light charged particle in 
equatorial configuration. As an extension of our earlier works, the kinetic energy of long range 
alpha particle, emission probability of long range alpha particle and the effect of deformation and 
orientation of fragments are also studied in detail in the alpha accompanied ternary 
fragmentation of even-even 244-260Cf isotopes. 
The formalism used for our calculation is described in Section 2. The results and 
discussions on the alpha accompanied ternary fission of even-even 244-260Cf isotopes are given in 
Section 3 and we summarize the entire work in Section 4. 
2. Unified Ternary Fission Model (UTFM) 
The light charged particle accompanied ternary fission is energetically possible only if 
 
value of the reaction is positive. ie. 
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Here M is the mass excess of the parent and
 
mi is the mass excess of the fragments. The 
interacting potential barrier for a parent nucleus exhibiting cold ternary fission consists of 
Coulomb potential and nuclear proximity potential of Blocki et al [38, 39]. The proximity 
potential was first used by Shi and Swiatecki [40] in an empirical manner and has been quite 
extensively used by Gupta et al., [41] in the preformed cluster model (PCM) and is based on 
pocket formula of Blocki et al [38]. But in the present manuscript, another formulation of 
proximity potential (eqn (21a) and eqn (21b) of Ref. [39]) is used as given by Eqs. 7 and 8. The 
interacting potential barrier is given by, 
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atomic numbers of the fragments and ijr is the distance between fragment centres. The nuclear 
proximity
 
potential [38] between the fragments is,  
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HereΦ is the universal proximity potential and z  is the distance between the near surfaces of 
the fragments. The distance between the near surfaces of the fragments for equatorial 
configuration is considered as zzzz === 132312 . The Süssmann central radii Ci of the 
fragments related to sharp radii  is, 
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For Ri we use semi empirical formula in terms of mass number Ai as [38] 
Q
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The nuclear surface tension coefficient called Lysekil mass formula [42] is, 
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where N, Z and A represents neutron, proton and mass number of the parent, Ф, the universal 
proximity potential (eqn (21a) and eqn (21b) of Ref. [39]) is given as, 
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with bz /=ε , where the width (diffuseness) of the nuclear surface b ≈ 1 fermi.  
Using one-dimensional WKB approximation, barrier penetrability P, the probability for the 
ternary fragments to cross the three body potential barrier is given as, 
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The turning point 01 =z  represents touching configuration and 2z  is determined from the 
equation QzV =)( 2
 
, where Q
 
is the decay energy. The potential V in eqn. 9, which is the sum 
of Coulomb and proximity potential is given by eqn. 2, and are computed by varying the distance 
between the near surfaces of the fragments. In eqn. 9 the mass parameter is replaced by reduced 
mass µ
 
and is defined as, 
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where m is the nucleon mass and A1, A2 and A3 are the mass numbers of the three fragments. The 
relative yield can be calculated as the ratio between the penetration probability of a given 
fragmentation over the sum of penetration probabilities of all possible fragmentations and is as 
follows, 
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3. Results And Discussion 
The role of closed shell effect or nearly closed shell effects arises from the cold reaction 
valley, which is justified through the Quantum mechanical fragmentation theory (QMFT) [43]. 
Using the concept of cold reaction valley, which was introduced in relation to the structure of 
minima in the so called driving potential, the alpha accompanied cold ternary fission of even-
even 244-260Cf isotopes are studied in equatorial configuration. The driving potential is defined as 
the difference between the interaction potential V and the decay energy Q of the reaction, where 
the interaction potential V is taken as the sum of Coulomb potential and nuclear proximity 
potential. The Q values are calculated using the recent mass tables of Wang et al. [44] and for 
those isotopes for which the experimental values are not available; we have taken the values 
from the mass tables of Moller et al. [45]. For a fixed light charged particle A3 attached to main 
fission fragments, the driving potential for a parent nucleus can be calculated for all possible 
fragment combinations as a function of mass and charge asymmetries respectively given as 
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in which the driving potential is minimized. The fragment combinations that occur in the cold 
reaction valley with a low driving potential and high Q value possess the highest yield in the 
ternary fission process. The schematic diagram for the equatorial emission of three spherical 
fragments at the touching configuration is shown in figure 1. 
3.1. Alpha accompanied cold ternary fission of 244-260Cf isotopes 
The driving potential is calculated for the alpha accompanied cold ternary fission of 244Cf 
isotope and is plotted as a function of fragment mass number A1 as shown in figure 2. The 
minima found in the cold valley are at 4He, 6He, 10Be, 14C, 32Si, 34Si, 46Ar, 50Ca, 52Ca, 80Ge, 84Se 
etc. In the cold reaction valley plot, the fragment combination 4He+4He+236Pu possesses the least 
driving potential. The fragment combination around 108Ru+4He+132Te may possess the highest 
yield due to the presence of doubly or near doubly magic Te isotopes and also due to high Q 
value. Next the barrier penetrability is calculated for the alpha accompanied cold ternary fission 
of 244Cf isotope using the formalism described above. Using equation (12) relative yield is 
calculated and plotted as a function of fragment mass number A1 and A2 as shown in figure 3(a). 
From the figure it is clear that the combination 108Ru+132Te+4He has the highest yield due to the 
presence of near doubly magic nuclei 132Te (Z=52, N=80). The next highest yield can be 
observed for the fragment combinations 106Ru+134Te+4He and 104Mo+136Xe+4He which is due to 
the presence of near doubly magic nuclei 134Te (Z=52, N=82) and neutron shell closure N=82 of 
136Xe respectively. 
In the alpha accompanied ternary fission of 246-260Cf isotopes, the driving potential were 
calculated and studied as a function of fragment mass number A1. In the cold reaction valley 
plots, the minima occur at 4He, 6He,10Be, 14C, 16C, 22O, 24Ne, 28Mg, 32Si, 38S, 40S, 46Ar, 50Ca, 52Ca  
etc. The barrier penetrability and relative yield is calculated for the alpha accompanied ternary 
fission of 246Cf isotope and is plotted as a function of fragment mass number A1 and A2 as shown 
in figure 3(b). From the figure it is clear that the fragment combination 108Ru+4He+134Te has the 
highest yield which is due to the presence of nearly doubly magic nuclei 134Te (Z=52, N=82). 
The next highest yield can be observed for the fragment combination 114Pd+4He+128Sn which 
possess proton shell closure Z=50 of 128Sn. The other fragment combinations which possess 
highest yield are 112Pd+4He+130Sn and 110Ru+4He+132Te which is due to the presence of near 
doubly magic nuclei 130Sn (N=80, Z=50) and 132Te (N=80, Z=52) respectively. 
The most possible fragment combination occur in the ternary fission of 248Cf is found by 
calculating the relative yield and plotted as a function of mass numbers A1 and A2 as shown in 
figure 3(c). The fragment combination 110Ru+4He+134Te has highest yield because of the near 
doubly magic nuclei 134Te (N=82, Z=52). The next highest yields are obtained for the fragment 
combinations 114Pd+4He+130Sn and 116Pd+4He+128Sn which possess near doubly magic nuclei 
130Sn (N=80, Z=50) and proton shell closure Z=50 of 128Sn respectively. 
In the case of 250Cf isotope, the barrier penetrability is calculated for each charge 
minimized fragments found in the cold valley plot and thereafter the relative yield is calculated 
and plotted as a function of fragment mass numbers A1 and A2 as shown in figure 3(d). The 
highest yield is found for the fragment combination 114Pd+4He+132Sn which is due to the doubly 
magic nuclei 132Sn (N=82, Z=50). The next highest yield is found for the fragment combination 
116Pd+4He+130Sn which is due to nearly doubly magic nuclei 130Sn (N=80, Z=50). The yield 
obtained for the fragment combination 112Ru+4He+134Te is due to the presence of nearly doubly 
magic 134Te (N=82, Z=52). 
In the case of 252Cf isotope, the relative yield is calculated for each charge minimized 
fragment combinations found in the cold valley plot and plotted as a function of fragment mass 
numbers A1 and A2 as shown in figure 3(e). The highest yield is found for the fragment 
combination 116Pd+4He+132Sn, in which 132Sn is a doubly magic nuclei (N=82, Z=50). The next 
highest yield is obtained for the fragment combinations 118Pd+4He+130Sn and 114Ru+4He+134Te 
which possess the presence of near doubly magic nuclei 130Sn (N=80, Z=50) and 134Te (N=82, 
Z=52) respectively. 
Keeping 4He as the light charged particle, the relative yield is calculated for each charge 
minimized fragments found in the cold reaction valley of 254Cf isotope and plotted as a function 
of fragment mass numbers A1 and A2 as shown in figure 3(f). The highest yield is obtained for 
the fragment combination 118Pd+4He+132Sn, which possess high Q value and doubly magic 
nuclei 132Sn (N=82, Z=50). The next highest yield is obtained for the fragment combination 
120Pd+4He+130Sn, which possess near doubly magic nuclei 130Sn (N=80, Z=50). 
In the case of 256Cf isotope as the parent nucleus with 4He as the light charged particle 
(LCP), the relative yield is calculated and plotted as a function of fragment mass numbers A1 and 
A2 as shown in figure 3(g). The highest yield is obtained for the fragment combination 
120Pd+4He+132Sn, which is due to the presence of doubly magic nuclei 132Sn (N=82, Z=50). The 
next highest yield is obtained for the fragment combination 122Pd+4He+130Sn, which possess near 
doubly magic nuclei 130Sn (N=80, Z=50). 
The relative yield is calculated for alpha accompanied ternary fission of 258Cf isotope and 
plotted as a function of fragment mass numbers A1 and A2 as shown in figure 3(h). The highest 
yield is found for the fragment combination 122Pd+4He+132Sn, which possess doubly magic 
nuclei 132Sn (N=82, Z=50) and the next highest yield is obtained for the fragment combination 
126Cd + 128Cd + 4He. 
For 260Cf isotope the relative yield is calculated and plotted as a function of fragment 
mass numbers A1 and A2 as shown in figure 3(i). The highest yield is found for the fragment 
combination 124Pd+4He+132Sn, which possess doubly magic nuclei 132Sn (N=82, Z=50). The next 
highest yields are obtained for the fragment combinations 126Cd+4He+130Cd and 
128Cd+4He+128Cd. 
From the study of alpha accompanied ternary fission of even-even 244-260Cf isotopes, we 
have concluded that, the fragment combinations with the higher Q value and having doubly or 
near doubly magic nuclei as the heavier fragment possess the highest yield. 
3.2. Effect of deformation and orientation of fragments 
The effect of deformation and orientation of fragments in the alpha accompanied cold 
ternary fission of 244-260Cf isotopes have been analyzed by taking the interacting barrier as the 
sum of deformed Coulomb potential and deformed proximity potential. The Coulomb interaction 
between the two deformed and oriented nuclei, which is taken from [46] and which includes 
higher multipole deformation [47, 48], is given as, 
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where 3/13/10 8.076.028.1 −+−= iii AAR . Here αi is the angle between the radius vector and 
symmetry axis of the ith nuclei (see Fig.1 of Ref [47]) and it is to be noted that the quadrupole 
interaction term proportional to 2221ββ , is neglected because of its short range character. 
In the case of proximity potential, )(4)( εpiγ Φ= RbzVP ,
 
the deformation comes only 
in the mean curvature radius. For spherical nuclei, mean curvature radius is defined as 
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The four principal radii of curvature 11R , 12R , 21R
 
and
 
22R
 
are given by
 
Baltz and Bayman [49]. 
With the inclusion of deformation and orientation of fragments, the driving potential is 
calculated for all fragment combinations found in the alpha accompanied ternary fission of even-
even 244-260Cf isotopes. In the case of 244Cf isotope with 4He as light charged particle, the driving 
potential is plotted as a function of fragment mass number A1 as shown in figure 2. The experimental 
values for quadrupole deformation ( 2β ) are taken from Ref. [50, 51] and for the cases where the 
experimental values are not available, we have taken those values from Moller et al [45]. In the cold 
reaction valley plot, three different cases are considered, (1) three fragments taken as spherical (2) 
two fragments (A1 and A2) as deformed with orientation 00 00 − and (3) two fragments (A1 and A2) 
as deformed with orientation 00 9090 − . It is clear from the plot that, in most of the cases, the 
fragment combinations with 00 00 −  orientation have a low value for driving potential compared to 
the fragment combinations with 00 9090 − , but in few cases
 
00 9090 − orientation has the low value. In 
00 00 − orientation of fragments, both fragments are either prolate or one fragment is prolate and the 
other fragment is spherical, whereas in the case of 00 9090 −  orientation, both fragments are either 
oblate or one fragment is oblate and the other one is spherical. It is also noted that, the optimum 
fragment combinations change with the inclusion of deformation and orientation of fragments.  
In fission process, the fragments are strongly polarized due to nuclear force and the 
fragments take either 00 00 − orientation or 00 9090 − orientation. In the present manuscript we have 
considered only two orientations 00 00 − and 00 9090 − , because it is well established by Gupta and 
co-workers [48] that optimum orientation for prolate-prolate/spherical fragments is 00 00 − , and for 
oblate-oblate/spherical fragments optimum orientation is 00 9090 − . It should be noted that 
Manimaran et al [32] also considered only 00 00 − and 00 9090 − orientations in their study on the 
effect of deformation and orientation in the 4He and 10Be accompanied ternary fission of 252Cf. 
For example in the case of 244Cf isotope, the fragment combinations obtained with the 
spherical case 110Ru+4He+130Te and 120Cd+4He+120Cd changed to 110Nb+4He+130Cs and 
120Ag+4He+120In respectively with the inclusion of deformation of fragments. In the case of 246Cf 
isotope, the fragment combinations 110Ru+4He+132Te and 120Cd+4He+122Cd changed to 
110Zr+4He+132Ba and 120In+4He+122Ag respectively with the inclusion of deformation of fragments. 
For 248Cf isotope, the fragment combinations 104Mo+4He+140Xe and 120Cd+4He+124Cd obtained in 
spherical case changed to 104Ru+4He+140Te and 120Ag+4He+124In respectively with the inclusion of 
deformation. In the case of 250Cf isotope, the fragment combinations obtained in spherical case 
108Mo+4He+138Xe and 112Ru+4He+134Te changed to 108Ru+4He+138Te and 112Zr+4He+134Ba 
respectively with the inclusion of deformation of fragments. For 252Cf isotope, the fragment 
combination 110Mo+4He+138Xe and 120Pd+4He+128Sn obtained in spherical case changed to 
110Nb+4He+138Cs and 120Cd+4He+128Cd respectively with the inclusion of deformation. In the case of 
254Cf isotope, 106Zr+4He+144Ba and 120Pd+4He+130Sn obtained in spherical case changed to 
106Ru+4He+144Te and 120Ag+4He+130In respectively with the inclusion of deformation. For 256Cf 
isotope, the fragment combinations 104Zr+4He+148Ba and 116Ru+4He+136Te obtained with the 
spherical fragments changed to 104Tc+4He+148I and 116Pd+4He+136Sn respectively with the inclusion 
of deformation. In the case of 258Cf isotope, the fragment combination obtained with the spherical 
fragments 80Zn+4He+174Dy and 104Zr+4He+150Ba changed to 80Ga+4He+174Tb and 104Tc+4He+150I 
respectively with the inclusion of deformation of fragments. For 260Cf isotope, the fragment 
combination obtained with the spherical fragments 108Zr+4He+148Ba and 102Sr+4He+154Ce changed to 
108Ru+4He+148Te and 102Mo+4He+154Xe respectively with the inclusion of deformation. For this 
reason we came to the conclusion that, the inclusion of deformation and orientation effects of the 
nuclei play a significant role in the alpha accompanied ternary fission of even-even 244-260Cf isotopes 
as that of closed shell effect. 
The quadrupole deformation is included for all possible fragment combinations occurring in 
the alpha accompanied ternary fission of even-even 244-260Cf isotopes and hence the corresponding 
relative yield is calculated and plotted as a function of fragment mass number A1 and A2 as shown in 
figure 4(a) - 4(i). Here the calculations are done by taking the deformed Coulomb potential and 
deformed nuclear proximity potential. With the inclusion of quadrupole deformation ( 2β ), the width 
and height of the barrier are found to be reduced which in turn increases the barrier penetrability. For 
the alpha accompanied ternary fission of 244Cf and 246Cf isotopes, the highest yield is found for the 
fragment combination 114Pd+4He+126Sn and 114Pd+4He+128Sn respectively, both of these fragment 
combinations possess proton shell closure Z=50 of Sn nuclei. In the case of 248Cf and 252Cf isotopes, 
the highest yield is obtained for the fragment combinations 114Pd+4He+130Sn and 118Pd+4He+130Sn, 
in which 130Sn (N=80, Z=50) is a near doubly magic nuclei. For 250Cf, 254Cf, 256Cf, 258Cf and 260Cf 
isotopes, the highest yield is obtained for the fragment combination 114Pd+4He+132Sn, 
118Pd+4He+132Sn, 120Pd+4He+132Sn, 122Pd+4He+132Sn and 124Pd+4He+132Sn respectively, all of which 
possess the presence of doubly magic nuclei 132Sn (N=82, Z=50).  
In figure 5, the calculated yields obtained in the alpha accompanied ternary fission of 252Cf 
isotope are compared with the experimental data [15]. The calculations are made for the fragments 
considered as spherical and also for the fragments with the inclusion of quadrupole deformation( 2β ). 
From the graph it is clear that, the theoretical calculations we have made in the case of alpha 
accompanied ternary fission of 252Cf isotope are found to be agreement with the experimental data. 
 
3.3. Emission probability of long range alpha particle  
The alpha particle formed in the ternary fission process is fairly energetic with an average 
kinetic energy of 16MeV which is emitted in a direction perpendicular to the main fission 
fragments and hence termed as long range alpha particle. Carjan suggests that the emission of 
long range alpha particle is possible only if alpha particle is formed inside the fissioning nucleus 
so as to attain sufficient energy to overcome the Coulomb barrier of the scissioning nucleus. 
Based on the theoretical model of Carjan [20], Serot and Wagemans [21] suggested that the 
characteristics of long range alpha particle strongly depends on the preformation probability of 
alpha particle formed in the ternary fission process and also on various parameters like fissility 
parameter Z2/A, alpha cluster preformation factor or spectroscopic factor Sα and fission modes. 
The spectroscopic factor or alpha cluster preformation factor Sα can be calculated in a 
semi-empirical way which was proposed by Blendowske et al. [52] as, WKBebS λλα /= , 
where b is the branching ratio for the ground state to ground state transition, λe is the 
experimental α decay constant and λWKB is the α decay constant calculated from the WKB 
approximation. 
The emission probability of long range alpha particle is determined with the number of 
fission events B and can be calculated as follows: 
LRAPSB
LRA
α=                                                                      (16) 
where Sα is the alpha cluster preformation factor and PLRA is the probability of alpha particle 
preformed in the fissioning nucleus.  
The probability of alpha particle preformed in the fissioning nucleus can be calculated as, 
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The turning point z1 = 0 represents the touching configuration and z0 can be determined from the 
condition V(z0) = Q, where Q is the decay energy. For the internal (overlap) region, the potential 
is taken as a simple power law interpolation. 
In ternary fission [53] the peak observed in the angular distribution of LRA in the 
direction perpendicular to the direction of main fission fragments, shows that LRA emission in 
ternary fission process is very similar to binary fission until the moment of scission. So the 
spectroscopic factor S and thereby the preformation factor PLRA, which has been defined for two 
body problem in Ref [52] is suitable for ternary fission studies. It can be assumed that the LRA 
particle is emitted from the neck connecting the two fission fragments, most probably at the point 
at which the neck ruptures. 
 The emission probabilities of long range alpha particle in the ternary fission of even-even 
244-260Cf isotopes are computed using the formalism discussed above and are given in table 1. 
The alpha cluster preformation factor Sα and corresponding probability for the alpha particle 
preformed in the fissioning nucleus PLRA are also listed in table 1. The calculated emission 
probabilities of long range alpha particle are found to agree well with the experimental data [23]. 
3.4. Kinetic energy of long range alpha particle 
We have calculated the kinetic energy of long range alpha particle emitted in the ternary 
fission of 244-260Cf isotopes using the formalism reported by Fraenkel [54]. The conservation of 
total momentum in the direction of light fragment leads to the relation, 
( ) ( ) ( ) LRHHLL EmEmEm θθ αα coscos 2/12/12/1 −=                                                                                     (18) 
Here Lm , Hm and αm are the masses of the light, heavy and α particle respectively. LE , HE and 
αE represent the final energies of the light, heavy and α particle respectively. Lθ is the angle 
between the alpha particle and the light particle and Rθ is the recoil angle. 
The conservation of total momentum in a direction perpendicular to light fragment leads to the 
relations for recoil angle Rθ  as, 
( ) ( ) LRHH EmEm θθ αα sinsin 2/12/1 =                                                                                                              (19) 
Using eqn. (18) and eqn. (19), the kinetic energy of the long range alpha particle can be derived 
as follows, 
( ) 2coscotsin −−





= LRL
L
L
m
mEE θθθ
α
α
                                                                                                      
(20)
 
In the present work in order to obtain the mean kinetic energy of alpha particle Eα = 16MeV and 
total fragment kinetic energy of the fissioning system as 168MeV, the recoil angle is taken as θR 
= 4.5o and angle between the alpha particle and the light particle is taken as θL = 92.25o. The 
kinetic energy of light fragment EL can be calculated as, 
TKE
AA
AE
HL
H
L
+
=
                                                                                                                                            
(21)
 
Here TKE is the total kinetic energy of fission fragments, which can be calculated using the 
expressions taken from Herbach et al. [55] as follows, 
23/13/13/1
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)()(
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(22)
 
where LA and HA are the mass numbers of light and heavy fragments respectively. 
In the present manuscript, for the potential energy calculation, yield calculation and for 
the kinetic energy calculation we have assumed a triangular configuration. For computing kinetic 
energy [54] we have taken recoil angle θR as 4.5o for a 16MeV alpha particle emitted at an angle 
90o with respect to the two main fragments. Further we would like to mention that one can use 
either triangular or collinear configuration for computing kinetic energy, as the size of alpha 
particle is small compared to the main fission fragments the initial phase for both the 
configurations are found to be the same. 
The kinetic energy of long range alpha particle emitted in the ternary fission of 244-260Cf 
isotopes is calculated using the formalism described above and the corresponding experimental 
values are listed in table 2. The calculated results for which experimental data is available are in 
good agreement with each other [23]. 
4. Summary 
The alpha accompanied cold ternary fission of even-even 244-260Cf isotopes has been studied 
using the Unified ternary fission model (UTFM). The relative yield is calculated by taking the 
interacting barrier as the sum of Coulomb potential and nuclear proximity potential. In the alpha 
accompanied cold ternary fission of 244Cf isotope, the highest yield is found for the fragment 
combination 108Ru+4He+132Te, in which 132Te (N=82, Z=52) is a near doubly magic nuclei. In the 
case of 246Cf and 248Cf isotopes, the highest yield is found for the fragment combination 
108Ru+4He+134Te and 110Ru+4He+134Te, both of which possess near doubly magic nuclei 134Te 
(N=82, Z=52). For alpha accompanied ternary fission of 250Cf, 252Cf, 254Cf, 256Cf, 258Cf and 260Cf 
isotopes, the highest yield is obtained for the fragment combinations 114Pd+4He+132Sn, 
116Pd+4He+132Sn, 118Pd+4He+132Sn, 120Pd+4He+132Sn, 122Pd+4He+132Sn and 124Pd+4He+132Sn   
respectively, all of which possess near doubly magic nuclei 132Sn (N=82, Z=50). With the inclusion 
of deformation and orientation of fragments into account, the driving potential and relative yield of 
all possible fragment combinations are studied in detail and found that, in addition to closed shell 
effect, ground state deformation also plays an important role in the alpha accompanied ternary 
fission of 244-260Cf isotopes. The computed isotopic yields for alpha accompanied ternary fission of 
252Cf isotope are found to be agreement with the experimental data. The emission probability and 
kinetic energy of long range alpha particle is calculated for the various isotopes of Cf and the values 
obtained agree well with the experimental data. 
Acknowledgments 
The author KPS would like to thank the University Grants Commission, Govt. of India 
for the financial support under Major Research Project. No.42-760/2013 (SR) dated 22-03-2013. 
References 
[1] G. Farwell, E. Segre and C. Wiegand, Phys. Rev. 71, 327 (1947). 
[2] L. Z. Malkin, I. D. Alkhazov, A. S. Krisvokhatskii, K. A. Petrzhak and L. M. Belov,        
Translated  from  Atomnaya  Energiya 16, 148 (1964). 
[3] D. E. Cumpsky and D. G. Vass, Nucl. Phys. A 359, 377 (1981). 
[4] I. Halpern, Annu. Rev. Nucl. Sci 21, 245 (1971). 
[5] R. Vandenbosch and J. R. Huizenga, Nuclear Fission, Academic Press, New York and 
London, 374 (1973). 
[6] O. Serot, N. Carjan and C. Wagemans, Eur. Phys. J. A 8, 187 (2000). 
[7] D. N. Poenaru, R. A. Gherghescu, W. Greiner, Y. Nagame, J. H. Hamilton and A. V.  
Ramayya, Rom. Rep. Phys. 55, 549 (2003). 
[8] Yu. N. Kopatch, M. Mutterer, D. Schwalm, P. Thirolf and F. Gonnenwein, Phys. Rev. C 65, 
044614 (2002). 
[9] A. Sandulescu, A. Florescu, F. Carstoiu and W. Greiner, J. Phys. G: Nucl. Part. Phys. 23, L7  
(1997). 
[10] D. N. Poenaru, W. Greiner and R. A. Gherghescu, At. Dat. Nucl. Dat. Tabl. 68, 91 (1998). 
[11] F. Carstoiu, I. Bulboaca, A. Sandulescu and W. Greiner, Phys. Rev. C 61, 044606 (2000). 
[12] A. Florescu, A. Sandulescu, D. S. Delion, J. H. Hamilton, A. V. Ramayya and W. Greiner,  
Phys. Rev. C 61,051602 (2000). 
[13] J. F. Wild, P. A. Baisden, R. J. Dougan, E. K. Hulet, R. W. Lougheed and J. H. Landrum, 
Phys. Rev. C 32,488 (1985). 
[14] R. A. Nobles, Phys. Rev. 126, 1508 (1962). 
[15] A. V. Ramayya, J. H. Hamilton, J. K. Hwang, L. K. Peker, J. Kormicki, B. R. S. Babu, T. N.     
       Ginter, A. Sandulescu,  A. Florescu, F. Carstoiu, W. Greiner, G. M. Ter-Akopian, Yu. Ts.   
       Oganessian, A. V. Daniel, W. C. Ma, P. G. Varmette, J. O. Rasmussen, S. J. Asztalos, S. Y.  
       Chu, K. E. Gregorich, A. O. Macchiavelli, R. W. Macleod, J. D. Cole, R. Aryaeinejad, K.  
       Butler - Moore, M. W. Drigert, M. A. Stoyer, L. A. Bernstein, R. W. Lougheed, K. J.  
       Moody, S. G. Prussin, S. J. Zhu, H. C. Griffin and R. Donangelo, Phys. Rev. C 57, 2370  
       (1998). 
[16] A. V. Ramayya, J. H. Hamilton and J. K. Hwang, Rom. Rep. Phys. 59, 595 (2007). 
[17] J. H. Hamilton, A. V. Ramayya, J. K. Hwang, J. Kormicki, B. R. S. Babu, A. Sandulescu, A. 
Florescu, W. Greiner, G. M. Ter-Akopian, Yu. Ts. Oganessian, A. V. Daniel, S. J. Zhu, M. 
G. Wang, T. Ginter, J. K. Deng, W. C. Ma, G. S. Popeko, Q. H. Lu, E. Jones, R. Dodder, P. 
Gore, W. Nazarewicz, J. O. Rasmussen, S. Asztalos, I. Y. Lee, S. Y. Chu, K. E. Gregorich, 
A. O. Macchiavell, M. F. Mohar, S. Prussino, M. A. Stoyero, R. W. Lougheedo, K. J. 
Moody, J. F. Wild, L. A. Bernstein, J. A. Becker, J. D. Cole, R. Aryaeinejad, Y. X. 
Dardenne, M. W. Drigert, K. Butler-Moore, R. Donangel and H. C. Griffin, Prog. Part.  
Nucl. Phys. 38, 273 (1997). 
[18] J. H. Hamilton, A. V. Ramayya, J. K. Hwang, G. M. Ter-Akopian, A. V. Daniel, J. O. 
Rasmussen, S. C. Wu, R. Donangelo, C. J. Beyer, J. Kormicki, X. Q. Zhang, A. M. Rodin, 
A.S. Fomichev, G. S. Popeko, J. Kliman, L. Krupa, M. Jandel, Yu. Ts. Oganessian, G. 
Chubarian, D. Seweryniak, R. V. F. Janssens, W. C. Ma, R. B. Piercey, W. Greiner and J. D. 
Cole, Phys. At. Nucl. 65, 645 (2002). 
[19] A. V. Ramayya, J. K. Hwang, J. H. Hamilton, A. Sandulescu, A. Florescu, G. M. Ter-
Akopian, A. V. Daniel, Yu. Ts. Oganessian, G. S. Popeko, W. Greiner, J. D. Cole and 
GANDS95 Collaboration, Phys. Rev. Lett. 81, 947 (1998). 
[20] N. Carjan, J. de Phys. 37, 1279 (1976). 
[21] O. Serot and C. Wagemans, Nucl. Phys. A 641, 34 (1998). 
[22] S. Vermote, C. Wagemans, O. Serot, J. Heyse, J. Van Gils, T. Soldner and P. Geltenbort, 
Nucl. Phys. A 806, 1 (2008). 
[23] S. Vermote, C. Wagemans, O. Serot, J. Heyse, J. Van Gils, T. Soldner, P. Geltenbort, I. 
AlMahamid, G. Tian, L. Rao, Nucl. Phys. A 837, 176 (2010). 
[24] Yu. V. Pyatkov, D. V. Kamanin, W. H. Trzaska, W. von Oertzen, S. R. Yamaletdinov, A. 
N. Tjukavkin, V. G. Tishchenko, V. G. Lyapin, Yu. E. Peinionzhkevich,A. A. Alexandrov, 
S. V. Khlebnikov, Rom. Rep. Phys. 59, 569 (2007). 
[25] A. K. Nasirov, W. von. Oertzen, A. I. Muminov and R. B. Tashkhodjaev, Phys. Scr. 89, 
054022 (2014). 
[26] W. von. Oertzen and A. K. Nasirov, Phys. Lett. B 734, 234 (2014). 
[27] K. R. Vijayaraghavan, M. Balasubramaniam and W. von. Oertzen, Phys. Rev. C 90, 024601 
(2014). 
[28] K. R. Vijayaraghavan, M. Balasubramaniam and W. von. Oertzen, Phys. Rev. C 91, 044616 
(2015). 
[29] K. Manimaran and M. Balasubramaniam, Phys. Rev. C 79, 024610 (2009). 
[30] K. Manimaran and M. Balasubramaniam, Eur. Phys. J. A 45, 293 (2010). 
[31] K. Manimaran and M. Balasubramaniam, Phys. Rev. C 83, 034609 (2011). 
[32] K. Manimaran and M. Balasubramaniam, J. Phys. G: Nucl. Part. Phys. 37, 045104 (2010). 
[33] K. P. Santhosh, Sreejith Krishnan and B. Priyanka, Eur. Phys. J. A 50, 66 (2014). 
[34] K. P. Santhosh,  Sreejith Krishnan and B. Priyanka, Int. J Mod. Phys. E 23, 1450071 (2014). 
[35] K. P. Santhosh, Sreejith Krishnan and B. Priyanka, Int. J Mod. Phys. E 24, 1550001 (2015). 
[36] K. P. Santhosh, Sreejith Krishnan and B. Priyanka, J. Phys. G: Nucl. Part. Phys. 41, 105108 
(2014). 
[37] K. P. Santhosh, Sreejith Krishnan and B. Priyanka, Phys. Rev. C 91, 044603 (2015). 
[38] J. Blocki, J. Randrup, W. J. Swiatecki, C. F. Tsang, Ann. Phys. (N.Y) 105, 427 (1977). 
[39] J. Blocki, W. J. Swiatecki, Ann. Phys. (N.Y) 132, 53 (1983). 
[40] Y. J. Shi and W. J. Swiatecki, Nucl. Phys. A 438, 450 (1985). 
[41] S. S. Malik and R. K. Gupta, Phys.Rev.C 39, 1992 (1989). 
[42] W. D. Myers and W. J. Swiatecki, Ark. Fys. 36, 343 (1967). 
[43] R. K. Gupta, in Heavy elements and related new phenomena edited by R. K. Gupta and W. 
Greiner (World Scientific Pub., Singapore, 1999) vol II, p. 730. 
[44] M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev, M. MacCormick, X. Xu and B. Pfeiffer, 
Chin. Phys. C 36, 1603 (2012). 
[45] P. Moller, A. J. Sierk, T. Ichikawa, H. Sagawa, arXiv:1508.06294v1 [nucl-th] (2015). 
[46] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973). 
[47] N. Malhotra and R. K. Gupta, Phys. Rev. C 31, 1179 (1985). 
[48] R. K. Gupta, M. Balasubramaniam, R. Kumar, N. Singh , M. Manhas and W. Greiner, J. 
Phys. G: Nucl. Part. Phys. 31, 631 (2005). 
[49] A. J. Baltz and B. F. Bayman, Phys. Rev. C 26, 1969 (1982). 
[50] S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor, JR. and P. H. Stelson, At.      
        Data Nucl. Data Tables 36, 1 (1987). 
[51] S. Raman, C. W. Nestor, JR. and P. Tikkanen, At. Data Nucl. Data Tables 78, 1 (2001). 
[52] R. Blendowske, T. Fliessbach and H. Walliser, Z. Phys. A 339, 121 (1991). 
[53] E. W. Titterton, Nature 168, 590 (1951). 
[54] Z. Fraenkel, Phys. Rev. 156, 1283 (1967). 
[55] C. M. Herbach, D. Hilscher, V. G. Tishchenko, P. Gippner, D. V. Kamanin, W. von Oertzen, H. 
G. Ortlepp, Yu. E. Penionzhkevich, Yu. V Pyatkov, G. Renz, K. D. Schilling, O. V. 
Strekalovsky, W. Wagner, V. E. Zhuchko, Nucl. Phys. A 712, 207 (2002). 
 
Table 1. The calculated emission probability of long range alpha particle in the ternary fission of 
244-260Cf isotopes and the corresponding experimental data [23] are listed. The corresponding 
spectroscopic factor αS and LRAP are also listed. 
Isotope 
αS  LRAP  B
LRA
 
.EXPB
LRA






 
244Cf 0.0195 0.1178 2.29 x 10-3 - 
246Cf 0.0201 0.1365 2.74 x 10-3 - 
248Cf 0.0165 0.1400 2.31 x 10-3 - 
250Cf 0.0161 0.1631 2.63 x 10-3 (2.93 ± 0.10) x 10-3 
252Cf 0.0252 0.2364 5.96 x 10-3 (2.56 ± 0.07) x 10-3 
254Cf 0.0138 0.3109 4.29 x 10-3 - 
256Cf 0.0128 0.3775 4.83 x 10-3 - 
258Cf 0.0120 0.4591 5.51 x 10-3 - 
260Cf 0.0112 0.5417 6.06 x 10-3 - 
Table 2. The calculated kinetic energy of alpha particle αE emitted in the ternary fragmentation 
of 244-260Cf isotopes and the corresponding experimental data [23] are listed. 
Fragmentation channel α
E
 (MeV) Fragmentation channel αE  (MeV) 
Calc. Expt. Calc. Expt. 
244Cf  → 104Mo + 4He + 136Xe 16.442  252Cf  → 120Pd + 4He + 128Sn 17.295  
244Cf  → 106Ru + 4He + 134Te 16.560  252Cf  → 122Cd + 4He + 126Cd 17.318  
244Cf  → 108Ru + 4He + 132Te 16.663  252Cf  → 124Cd + 4He + 124Cd 17.325 15.96 ± 0.09 
244Cf  → 110Ru + 4He + 130Te 16.751  252Cf  → 126Cd + 4He + 122Cd 17.318  
244Cf  → 112Pd + 4He + 128Sn 16.823  252Cf  → 128Cd + 4He + 120Cd 17.295  
 
     
246Cf  → 108Ru + 4He + 134Te 16.712  254Cf  → 116Ru + 4He + 134Te 17.265  
246Cf  → 110Ru + 4He + 132Te 16.806  254Cf  → 118Pd + 4He + 132Sn 17.325  
246Cf  → 112Pd + 4He + 130Sn 16.885  254Cf  → 120Pd + 4He + 130Sn 17.371  
246Cf  → 114Pd + 4He + 128Sn 16.948  254Cf  → 122Pd + 4He + 128Sn 17.401  
246Cf  → 116Pd + 4He + 126Sn 16.995  254Cf  → 124Cd + 4He + 126Cd 17.416  
 
  
 
  
248Cf  → 110Ru + 4He + 134Te 16.858  256Cf  → 118Pd + 4He + 134Sn 17.391  
248Cf  → 112Pd + 4He + 132Sn 16.943  256Cf  → 120Pd + 4He + 132Sn 17.444  
248Cf  → 114Pd + 4He + 130Sn 17.013  256Cf  → 122Pd + 4He + 130Sn 17.481  
248Cf  → 116Pd + 4He + 128Sn 17.068  256Cf  → 124Cd + 4He + 128Cd 17.504  
248Cf  → 118Pd + 4He + 126Sn 17.107  256Cf  → 126Cd + 4He + 126Cd 17.511 
 
 
  
 
  
250Cf  → 112Ru + 4He + 134Te  16.998  258Cf  → 118Ru + 4He + 136Te 17.454 
 
250Cf  → 114Pd + 4He + 132Sn  17.075 
 
258Cf  → 120Pd + 4He + 134Sn 17.513 
 
250Cf  → 116Pd + 4He + 130Sn 17.137 15.95 ± 0.13 258Cf  → 122Pd + 4He + 132Sn 17.557  
250Cf  → 118Pd + 4He + 128Sn 17.184  258Cf  → 124Pd + 4He + 130Sn 17.587  
250Cf  → 120Pd + 4He + 126Sn 17.215  258Cf  → 126Cd + 4He + 128Cd 17.602  
   
 
  
252Cf  → 110Mo + 4He + 138Xe 16.952 
 
260Cf  → 120Pd + 4He + 136Sn 17.578 
 
252Cf  → 112Ru + 4He + 136Te 17.050  260Cf  → 122Pd + 4He + 134Sn 17.629  
252Cf  → 114Ru + 4He + 134Te 17.134 15.96 ± 0.09 260Cf  → 124Pd + 4He + 132Sn 17.667  
252Cf  → 116Pd + 4He + 132Sn 17.203  260Cf  → 126Cd + 4He + 130Cd 17.688  
252Cf  → 118Pd + 4He + 130Sn 17.256  260Cf  → 128Cd + 4He + 128Cd 17.696  
 
 
 
 Figure 1. The touching configuration of three spherical fragments in equatorial configuration. 
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Figure 2. (Color online) The driving potential is plotted as a function of fragment mass number 
A1 for the alpha accompanied ternary fission of 244Cf isotope with the inclusion of quadrupole 
deformation β2 and for different orientation. 
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Figure 3. (Color online) The calculated yield is plotted as a function of fragment mass numbers 
A1 and A2 for the alpha accompanied cold ternary fission of even-even 244-260Cf isotopes with 
fragments treated as spherical. 
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Figure 4. (Color online) The calculated yields for the alpha accompanied cold ternary fission of 
244-260Cf isotopes plotted as a function of fragment mass numbers A1 and A2 with the inclusion of 
quadrupole deformation β2. 
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Figure 5. (Color online) The calculated yields obtained with the inclusion of quadrupole 
deformation of fragments and for the fragments considered as spherical are compared with the 
experimental data [15] in the alpha accompanied cold ternary fission of 252Cf isotope. 
 
 
 
